Pseudomonas putida B2 is able to grow on o-nitrophenol (ONP) as the sole source of carbon and nitrogen. ONP was converted by a nitrophenol oxygenase to nitrite and catechol. Catechol was then attacked by a catechol 1,2-dioxygenase and further degraded through an ortho-cleavage pathway. ONP derivatives which were para-substituted with a methyl-, chloro-, carboxy-, formyl-or nitro-group failed to support growth of strain B2. Relevant catabolic enzymes were characterized to analyze why these derivatives were not mineralized. Nitrophenol oxygenase of strain B2 is a soluble, NADPH-dependent enzyme that is stimulated by magnesium, manganese, and calcium ions. It is active toward ONP, 4-methyl-, 4-chloro-, and to a lesser extent, 4-formyl-ONP but not toward 4-carboxy-or 4-nitro-ONP. In addition, 4-formyl-, 4-carboxy-, and 4-nitro-ONP failed to induce the formation of nitrophenol oxygenase. Catechol 1,2-dioxygenase of strain B2 is active toward catechol and 4-methyl-catechol but only poorly active toward chlorinated catechols. 4-Methyl-catechol is likely to be degraded to methyl-lactones, which are often dead-end metabolites in bacteria. Thus, of the compounds tested, only unsubstituted ONP acts as an inducer and substrate for all of the enzymes of a productive catabolic pathway.
Nitroaromatic compounds are used as pesticides (13) , explosives (18) , and dyes (29) . In the chemical industry, they serve as precursors for the production of aminoaromatic derivatives (29) . Several nitroaromatic compounds may be produced enzymatically in microbial cultures (6, 32) or photochemically in urban air (8, 16 ) from other aromatic compounds. As a consequence, nitroaromatic compounds are found as contaminants in wastewaters (6, 10, 14) , rivers (27, 30, 38) , groundwater (21, 38) , pesticide-treated soils (7, 13) , and the atmosphere (8, 16) . Some nitroaromatic compounds such as 2-nitrophenol (o-nitrophenol or ONP), 4-nitrophenol, and 2,4-dinitrophenol are listed as priority pollutants by the U.S. Environmental Protection Agency (14) . Nevertheless there is at present only a limited amount of information on their mineralization in the environment.
Both reductive and oxidative mechanisms for removal of the nitro substituent from nitroaromatic compounds have been described. The reductive pathway involves initial reduction of the nitro substituent to an amino group, which may subsequently be released as ammonium. The action of nitroreductases has been demonstrated in cell-free systems under both aerobic and anaerobic conditions (16, 18, 33) . It has been shown that a number of nitroreductases have a broad substrate specificity (16, 18) and suggested that many nitroaromatic compounds are rapidly reduced to aromatic amines in a natural environment (7, 10) . Aromatic amines are further degraded to ammonium ions and catechols or may be transformed into diazo or humic acid-like compounds (7, 18, 20, 23, 37) . In the oxidative pathway, the nitro-substituent is removed directly from the aromatic ring in the form of nitrite without previous reduction. Only a few nitroaromatic compounds, such as some nitrophenols (5, 9, 31, 36 ; J. C. Spain, Ph.D. dissertation, University of Texas, Austin, 1979) and nitrobenzoates (2) , appear to be degraded by this route. Enzymes which liberate nitrite from nitroalkanes have been purified and characterized in detail (15 chol, and cis, cis-muconic acid were reported previously (37) .
Media and culture conditions. The composition of the basal medium which contained mineral salts but no carbon and nitrogen sources has been described previously (35) . The basal medium was supplemented with nutrients as indicated in Results. Media containing nitrophenols were filter sterilized (0.45-,um [pore size] GA-6 membrane filter; Gelman Sciences, Ann Arbor, Mich.), whereas all other media were autoclaved. Cultures were incubated aerobically on a rotary shaker at 30°C. Growth was followed spectrophotometrically by measuring the turbidity of the culture at 600 nm (none of the nitrophenols had a significant A600). The exponential growth rate (,u) was calculated by the formula = (ln x2 -ln x0)I(t2 -tl), where xl and x2 are the turbidities of the culture at times t, and t2, respectively.
Microorganism. Isolation of the ONP-degrading P. putida strain from soil and its identification were reported previously (36) . This organism will be referred to as P. putida B2 in this study. Strain determined similarly by using the appropriate wavelengths and molar extinction coefficients listed above; however, 4-nitro-ONP was not measured at its absorption peak (360 nm) but rather at 450 nm, where its molar extinction coefficient was 2,330.
(ii) Catechol 1,2-dioxygenase. The assay of Hegeman (11) was modified slightly and contained 0.1 mM catechol (or substituted catechol), 1.5 mM EDTA, plus enzyme in 50 mM phosphate buffer (pH 7.5). The molar extinction coefficients used to calculate specific activities were taken from Dorn and Knackmuss (4) .
Catechol 2,3-dioxygenase and the lactonizing enzyme were assayed as described by Nozaki (19) 8 -mm, 5-,um Radial-PAK C18 column (Waters) using water-methanol-0.1% acetic acid as the solvent (flow rate, 3 ml/min). A water-methanol ratio of 1:3 was used for ONP, 4-methyl-ONP, and 4-chloro-ONP, and a ratio of 1:1 was used for 4-carboxy-ONP, 4-formyl-ONP, and 4-nitro-ONP. Protein and nitrite concentrations were determined as described previously (36) .
RESULTS
Inhibition of growth of P. putida B2 by nitrophenols.
Microbial growth is significantly inhibited by most nitroaromatic compounds. Complete inhibition of growth by either 2.5 mM ONP (36) or 3.5 mM p-nitrophenol (9) has been reported. Since we wished to perform all degradation experiments well below the toxicity limit, we first examined Growth inhibition increased with increasing pKa of the nitrophenol tested (Table 1 ). In addition, strong pH dependence of toxicity was found for ONP, 4-chloro-ONP, and 4-methyl-ONP. Growth inhibition by these nitrophenols increased with decreasing pH of the medium. Thus, dissociated nitrophenols (low pKa, high pH) seemed to be less toxic than the nondissociated ones (high pKa, low pH), which may be due to different rates of diffusion through the cell membrane (26) . To minimize toxic effects, we chose a concentration of 0.5 mM nitrophenol for metabolic studies using whole cells of strain B2.
Metabolism of nitrophenols by growing and resting cells of P. putida B2. The ability of strain B2 to metabolize ONP and its para-substituted derivatives is described in Table 2 . Only ONP was rapidly utilized as a sole source of carbon and nitrogen and resulted in the formation of significant amounts of biomass. Substituted ONPs were either not or only poorly utilized as sole carbon and nitrogen sources by growing cells. However, resting cells that had been precultured on ONP metabolized not only ONP but also 4-methyl-ONP, 4-chloro-ONP, and 4-formyl-ONP, although they failed to attack 4-carboxy-ONP and 4-nitro-ONP. The latter two compounds were also not metabolized by resting cells incubated at pH 6.0. It should be noted that the metabolism of 4-methyl-ONP, 4-chloro-ONP, and 4-formyl-ONP by resting cells shown in Table 2 means disappearance of substrate and liberation of nitrite and not necessarily complete mineralization. Since the nitrophenol oxygenase which liberates nitrite from the aromatic ring is an intracellular, soluble enzyme (36; this paper), the experiment with resting cells suggests that 4-methyl-ONP, 4-chloro-ONP, and 4-formyl-ONP were taken up by strain B2.
The failure of para-substituted ONPs to be used by strain B2 as carbon and nitrogen sources could be due to several reasons, such as: (i) low activity of the nitrophenol oxygenase toward these substrates, thereby not permitting detectable growth; (ii) low activities toward metabolites of nitrophenols by enzymes further down the pathway; or (iii) inability of the substrates to induce synthesis of the catabolic enzymes. Evaluation of these possibilities required degradation studies in cell extracts and consequently a reliable assay for nitrophenol oxygenase.
Optimization of the nitrophenol oxygenase assay. Enzymatic conversion of ONP to catechol and nitrite in a crude cell extract prepared from strain B2 was previously reported cated that the enzyme is a soluble, non-membrane-bound protein. The specific activity of the supernatant fluid exceeded by 50% the activity of the crude extract, presumably because membrane-bound proteins were eliminated.
The dependence of enzyme activity on metal ions was studied in more detail (Fig. 2) . Since most bivalent metal ions precipitate in phosphate buffer (28) , the crude enzyme extract was dialyzed against Tris buffer (20 mM, pH 7.5) and the enzyme assay was then run in Tris buffer. A 12-to 13-fold stimulation of activity was obtained by addition of 4 mM magnesium or manganese ions, and a 9-fold stimulation was obtained by addition of calcium ions. Zinc and iron ions had no apparent effect, and addition of copper ions resulted in poisoning of the enzyme (data not shown). Monovalent ions such as sodium or potassium had no effect. In contrast to manganese or calcium ions, magnesium ions precipitate only slowly in phosphate buffer (over a period of several days [28] ) and were therefore routinely used in the phosphate-buffered nitrophenol oxygenase assay.
Addition of 4 mM magnesium ions stimulated enzymatic activity 12-fold in the experiments summarized in Fig. 2 but only 5-fold in the experiments reported in Table 3 . This difference was apparently due to the low basal activity of the dialyzed crude enzyme extract (Fig. 2) , owing to its lower magnesium content. The nondialyzed crude extract (Table 3) probably contained higher concentrations of bivalent metal ions, which permitted higher basal activity.
Degradation of nitrophenols in cell extracts from P. pulida B2. Previous chemical analyses of intermediates of ONP degradation suggested that ONP is metabolized by strain B2 through an ortho-cleavage pathway (36) . In the present study, key enzymes of this pathway (nitrophenol oxygenase, catechol 1,2-dioxygenase, and lactonizing enzyme) were found to be active in extracts of strain B2 cells precultured on ONP (Table 4) , thus confirming the proposed metabolic route (Fig. 1) . Catechol 2,3-dioxygenase (key enzyme of the meta--cleavage pathway) activity was not found.
Nitrophenol oxygenase exhibited relatively broad substrate specificity and metabolized ONP, 4-methyl-ONP, and 4-chloro-ONP (Table 4) . However, 4-formyl-ONP, 4-carboxy-ONP, and 4-nitro-ONP were not or only poor substrates for the enzyme. This pattern of activity is consistent with that obtained for the metabolism of nitrophenols by resting cells (Table 2 ). Enzymatic activity roughly followed the pKaS of the nitrophenols. As has been observed with other oxygenases (4, (23) (24) (25) , nitrophenol oxygenase activity toward a particular substituted nitrophenol seemed mainly to be a function of the electron-withdrawing effect of the substituent; i.e., the enzyme exhibited poor activities toward substrates with strong electron-withdrawing substituents. Catechol 1,2-dioxygenase also showed broad substrate specificity and rapidly transformed catechol and methylated catechols (Table 4) . Chlorinated catechols were, however, poorly metabolized, which explains the failure of strain B2 to grow on 4-chloro-ONP as a sole source of carbon and nitrogen.
Induction of catabolic enzymes by nitrophenols. The ability of nitrophenols to induce nitrophenol oxygenase and catechol 1,2-dioxygenase is shown in Table 5 . ONP, 4-methyl-ONP, and 4-chloro-ONP induced high levels of activity of these enzymes. However, these enzymes remained uninduced after exposure of cells to 4-carboxy-ONP, 4-formyl-ONP, or 4-nitro-ONP, and therefore growth of strain B2 on these three substrates cannot be expected. It is noteworthy that cells pregrown on acetate and induced for 4 h with ONP expressed similar activities of catechol 1,2-dioxygenase and nitrophenol oxygenase (Table 5) , whereas cells pregrown on ONP exhibited catechol 1,2-dioxygenase activity some 11-fold higher than that of nitrophenol oxygenase (Table 4 ). This suggests that the catechol 1,2-dioxygenase described in Table 5 is not fully induced and that it may be regulated independently of nitrophenol oxygenase. DISCUSSION P. putida B2 is able to utilize ONP but not its parasubstituted derivatives as a sole source of carbon and nitrogen. In this study, two aspects of the catabolism of ONPs by strain B2 were examined, namely, the requirements for the oxidative elimination of the nitrosubstituent by nitrophenol oxygenase and the basis of the inability of strain B2 to utilize para-substituted ONPs.
Nitrophenol oxygenase was found to be soluble and NADPH-dependent, and its activity was stimulated by magnesium and manganese ions but not by FAD. Its substrate specificity was relatively broad and included 4-methyl-ONP and 4-chloro-ONP. We assume that the observed substrate The nitrophenol oxygenase of strain B2 was inducible by ONP, 4-methyl-ONP, and 4-chloro-ONP and exhibited high activities toward these substrates. In contrast, 4-formyl-ONP, 4-carboxy-ONP, and 4-nitro-ONP were neither inducers nor good substrates of the enzyme, and the failure of strain B2 to grow on these substrates is therefore explained. It is noteworthy that 4-formyl-ONP, 4-carboxy-ONP, and 4-nitro-ONP have pKas of <6.1 and are therefore mainly charged at a neutral pH, which may impede their diffusion through cell membranes. However, since induced cells of strain B2 slowly degrade 4-formyl-ONP, they must take it up. It cannot, however, be excluded that the low toxicity of 4-carboxy-ONP and 4-nitro-ONP and their inability to induce catabolic enzymes may be partially due to a slow uptake rate. A correlation of toxicity with the pKa or octanol-water partition coefficient has been reported for various phenols (26) .
Catechol 1,2-dioxygenase activity was found to be high toward catechol and methylated catechols but low toward chlorinated catechols, even though 4-chloro-ONP was an efficient inducer of the enzyme. Dorn and Knackmuss (4) described two isoenzymes of catechol 1,2-dioxygenase (pyrocatechases I and II), both of which were active on catechol and methylated catechols but only one of which (pyrocatechase II) was active on chlorinated catechols. This latter isoenzyme was reported to be essential for the degradation of chlorinated aromatic compounds (4, 17, 24, 37) . The catechol 1,2-dioxygenase of strain B2 thus resembles a pyrocatechase I-type enzyme and does not allow growth of this organism on 4-chloro-ONP. Methylated aromatic compounds must in general be degraded through a meta-cleavage pathway since ortho-cleavage leads to the accumulation of methyl lactones, which are often dead-end metabolites in bacteria (17, 22, 24) . Strain B2 presumably degrades 4-methyl-ONP to methyl-catechol, which is channeled into the nonproductive ortho-cleavage pathway and is thereby unable to support bacterial growth.
Nitroaromatic compounds are amenable to two different types of metabolism. Reduction to an aminoaromatic compound by a nitroreductase may occur under both aerobic and anaerobic conditions (2, 3, 5, 7, 10, 16, 18, 33) , although anaerobic conditions and electron-withdrawing substituents (as in the case of dinitroaniline herbicides or trinitrotoluene) tend to favor reduction (18, 34) . Such conditions, however, prevent further metabolism of the aminoaromatic compound, since degradation is generally catalyzed by oxygenases and does not readily occur under anaerobic conditions (12, 23, 37) . Only 2-aminobenzoate is reported to be degraded under anaerobic conditions by denitrifying bacteria (1) . In contrast, direct removal of the nitrosubstituent from the nitroaromatic compound seems to be favored by electron-donating substituents (as in the case of ONP and 4-nitrophenol) and aerobic conditions (2, 5, 9, 31, 36 ; this paper; Spain, Ph.D. dissertation). In general, such conditions also allow for both aromatic ring cleavage and further mineralization (4, 17, 24, 31 ; this paper; Spain, Ph.D. dissertation).
